Novel magnetic phases in a Gd2Ti207 pyrochlore for a field applied along the [100] axis 
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We report on longitudinal and transverse magnetization measurements performed on single crystal 
samples of Gd2Ti207 for a magnetic field applied along the [100] direction. The measurements reveal 
the presence of previously unreported phases in fields below 10 kOe in an addition to the higher-field- 
induced phases that are also seen for H\\ [111], [110], and [112]. The proposed H-T phase diagram 
for the [100] direction looks distinctly different from all the other directions studied previously. 

PACS numbers: 75.30.Cr 75.30.Kz 75.47.Lx 75.50.Ec 75.60.Ej 



The model of a Hciscnberg antifcrromagnet on a py- 
rochlore lattice has been the focus of theoretical at- 
tention for a number of years. The highly degenerate 
ground state manifold for a system of spins on corner- 
shared tetrahedra interacting through nearest-neighbour 
exchange prevents a magnetic ordering both in the quan- 
tum and the classical limits.— Further interactions (e.g. 
dipolar) can remove this degeneracy and stabilize a par- 
ticular ordered structurcii^i To date, only two experimen- 
tal realizations of a Hciscnberg pyrochlore lattice antifcr- 
romagnet are known: Gd2Ti207 (GTO) and Gd2Sn207 
(GSO). The spin-orbit coupling is strongly reduced for 
a Gd'^+ magnetic ion since its electronic ground state is 
^Sr/2 with L = 0. On cooling below 1 K, GTO and GSO 
develop different types of magnetic order— ^— which have 
been intensively studied over the last decade (for a recent 
review see Ref . 0) ■ 

The application of neutron scattering techniques to the 
determination of the magnetic structure in the ordered 
phases of GTO and GSO is hindered by the high neutron 
absorption cross section of naturally occurring Gd. The 
zero- field k — (^5^) magnetic structure of Gd2Ti2 07 
is generally believed to be a multi-fc structure suggested 
by Stewart et al.^ however, this was recently challenged 
by Brammal et al^t^. While the zero-field structure in 
GSO appears to be simplcrfii its behaviour in field re- 
mains largely unexplored because of a lack of single crys- 
tal samples. 

In this Rapid Communication we revisit the unusual 
H-T phase diagram of GTO. Initial interest in the field- 
induced behavior of GTO was driven by the heat capac- 
ity and susceptibility data obtained on a polycrystalline 
sampleiii^ Later work on single crystals showed that de- 
spite a nominal spin-only state, the magnetic properties 
of GTO are anisotropic and that the H-T phase diagram 
contains three different ordered phases J^ The sequence of 
phase transitions in GTO in an applied magnetic field has 
been studied further using several techniques including 
muon spin relaxation)^ transverse magnetization mea- 
surementsi^ and magnetic resonanceJ^ Nevertheless, to 
date, there is no full theoretical description of the ob- 
served magnetic phases. 

All previous studies of the magnetic phase transitions 
in GTO were limited to fields applied along the [111], 



[110], or [112] directions, while no data have been pub- 
lished for H \\ [100]. Here we report on longitudinal 
and transverse magnetization measurements performed 
on single crystals samples of Gd2Ti207 for a magnetic 
field applied along the [100] direction. These measure- 
ments reveal the presence of previously unreported field- 
induced phase transitions that occur in magnetic fields 
below ^ 10 kOe, in addition to the transitions at higher 
applied fields that are also seen for H \\ [111], [110], and 
[112]. 

Single crystal samples were prepared as described 
previously jii The principal axes of the samples were de- 
termined using the X-ray diffraction Laue technique; the 
crystals were aligned to within an accuracy of 2 de- 
grees. Two samples grown and aligned independently 
have shown no appreciable differences in their magneti- 
zation behavior. 

Longitudinal magnetization, (M||), measurements were 
made down to 0.5 K in applied magnetic fields of up to 
70 kOe using a Quantum Design Magnetic Properties 
Measurement System SQuID magnetometer along with 
an i-Quantum '^He insert^iS The magnetization was mea- 
sured both as a function of temperature in a constant 
magnetic field and as a function of applied field at con- 
stant temperature. Because of the relatively large mag- 
netic moments observed, demagnetization effects had to 
be taken into consideration. 

Transverse magnetization, (Afj^), measurements were 
performed using a homemade capacitance torquemcter 
mounted in a '^Hc cryostat with a base temperature of 
0.4 K. The sensor element was a flat capacitor formed 
by a rigid base and a flexible bronze cantilever with the 
sample attached. The cantilever was aligned parallel to 
the external magnetic fleld. The torque T = M^ x H, 
caused by the magnetization component normal to the 
capacitor plates, leads to a bending of the cantilever and 
to a change in the sensor capacitance. This technique 
has already been successfully applied to the study of the 
magnetic ordering in GTOi^ The sample for the torque 
measurements was cut in the shape of a thin plate of 
approximately 0.15 x 1 x 1 mm'^, with its plane coinciding 
with a (llO)-plane of the crystal. It was glued on to the 
cantilever with a [001] axis parallel to the fleld and a 
[110] axis normal to the cantilever plane. The field was 
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FIG. 1: (Colour online) Temperature dependence of the 
magnetic susceptibility of Gd2Ti2 07 measured with a mag- 
netic field applied along the [100] direction. The left-hand 
panel shows the data collected in 100 Oe. The arrows indi- 
cate the two transition temperatures at Tjvi = 1.02 K and 
Tn2 = 0.74 K reported from the specific heat measurements 
in zero field.— The right-hand panel shows the temperature 
dependence of the susceptibility measured on warming in var- 
ious higher fields. These curves are consecutively offset by 
0.05 emu/mol for clarity. 
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FIG. 2: (Colour online) The upper panel shows the field de- 
pendence of M|| of Gd2Ti207 at 0.5 K with H \\ [100]. The 
data taken for increasing and decreasing fields are almost in- 
distinguishable. Linear fits to the data in the interval to 
10 kOe and 10 to 20 kOe reveal a 10% change in the My (H) 
slope at i/ ~ 10 kOe. The lower panel shows the field de- 
pendence of the dM\\/dH curves, obtained from the M\\{H) 
data at different temperatures and then offset by the specified 
values. 



applied in the sample plane, thus any demagnetization 
effects were neghgible. 

The temperature dependence of the magnetic suscep- 
tibility in a magnetic field of 100 Oe applied along [100] 
is shown in the left-hand panel of Fig. [TJ Both the upper 
(T/vi) and lower (Tjv2) critical temperatures are clearly 
visible in the data. In agreement with the previously 
reported data for H \\ [111]^ the upper phase tran- 
sition is observed at 1.05 K, a temperature marginally 
higher than T/vi = 1.02 K found from the specific heat 
measurements fi^ while the lower transition temperature, 
0.74 K, is identical for all the measurements. The evolu- 
tion of the temperature dependence of the magnetic sus- 
ceptibility with applied field is shown in the right-hand 
panel of Fig. [T] 

The field dependence of the longitudinal magnetiza- 
tion is shown in Fig. [2] together with the dM\\/dH curves 
obtained from the M\\{H) curves measured at different 
temperatures. No appreciable hysteresis is observed in 
the Af II {H) data. In the highest applied field of 70 kOe, 
which translates into 65.5 kOe after taking into account 
the demagnetization field, M\\ is still growing at a consid- 
erable rate. The maximum measured magnetic moment 
is 6.8/xb per Gd ion, close to the value of I^b expected 
for a state with S = 7/2 and L = 0. The saturation 
process in Gd2Ti207 is not trivial. At T = 0.5 K, in- 
stead of a gradual decrease in the gradient of the M\\ {H) 
curve on approaching the saturation field ffsat, which 
would be typical for an ordinary antiferromagnet, the 
gradient increases from a lower field value of ~ 0.10 to 
K, O.lS/xs/kOe per Gd ion at Hsat- Although an addi- 
tional transition at 10 kOe can be seen as a ~ 10% de- 



crease in the slope of the M\\^ (H) curve measured at 0.5 K, 
it becomes more obvious after differentiation. Fig. [2] sug- 
gests that (a) this transition is not particularly tempera- 
ture dependent up to 0.8 K, and that (b) its infiuence on 
the dM\\/dH{H) curves is much more pronounced than 
the transition at a half of the saturation field. 

The experimentally observed field dependence of the 
torquemeter capacitances is shown in Fig. [31 The smooth 
continuous variation of the capacitance with an applied 
field, as measured at temperatures above the magnetic 
ordering; is due to a field gradient at the sample position, 
inhomogeneity in the sample magnetization, or a slight 
sample misalignment causing the demagnetization field 
to deviate from the direction of the external field. All 
of these effects are proportional to the longitudinal mag- 
netization. Since the variation of Mn with temperature 
amounts to only a few percent over the entire range of 
temperatures explored, one can use the high-temperature 
(T > T/vi) response curves as a background for the low- 
temperature measurements. 

On cooling below T/vi the torquemeter response curves 
change drastically. At the base temperature of the '^He 
cryostat of 0.4 K, the curve has a weak kink around 
5 kOe and well defined, abrupt changes around 10, 
25, and 55 kOc, presumably corresponding to magnetic 
field-induced phase transitions. The hysteresis of the 
torquemeter response curves at the high-field transition 
is related to a strong magnetocaloric effect)^ Overall the 
thermodynamics of GTO is quite complicated near the 
saturation field, but for temperatures below the magnetic 
ordering the magnetocaloric effect heats the sample if the 
field is decreasing and cools the sample if the field is in- 
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FIG. 3: (Colour online) Field dependence of the torqueme- 
ter capacitance measured at 0.4 and 1.3 K. Dashed vertical 
arrows mark the transition fields. Solid arrows indicate in- 
creasing and decreasing field sweeps. 
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FIG. 4: (Colour online) Field dependence of the transverse 
magnetization at different temperatures for increasing (solid 
lines) and decreasing (dashed lines) magnetic fields. For clar- 
ity, the curves are consecutively offset by -0.2 units of M±. 



creasing for H < Hsat- Since the sample is thermalised 
only through the 100 /ini-thick bronze cantilever, this 
may lead to a deviation of the sample temperature from 
the sensor temperature. The temperature difference esti- 
mated from the spread of the transition points is 25 mK 
at 0.4 K and up to 100 mK at around 0.7 K. At low fields 
(15 kOe and below) any hysteresis in the torquemeter re- 
sponse is not sensitive to the field sweep rate, suggesting 
that in this field regime the hysteresis is not a thermal- 
ization issue. 

The transverse magnetization can be recovered from 
tlie experimental capacitance curves as follows. The mag- 
netic torque is compensated by an elastic force, which is 
proportional to the change of the capacitor spacing Ad. 
Magnetic torque includes a transverse magnetization ef- 
fect aM±H and a background response 6Af|| (T > Tmi)H . 
For a flat capacitor d (x -k, hence: 

a1 cx (aM_L + feA/||(r>Tjvi))iI 



M^iH,T) (X - 
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The field dependence of the extracted Afj^ is shown 
in Fig. m These curves demonstrate well defined fea- 
tures at the phase transitions. Firstly, as expected in the 
paramagnetic (saturated) phase, Af j_ is absent above the 
saturation field of 55 ± 1.5 kOe (here we follow the 0.4 K 
curve) . M_L appears below this field and on lowering the 
field further it vanishes again in a field of 25 ±2 kOe. This 
transition field is close to the ~ 30 kOe transition field ob- 
served for other studies in which the magnetic field was 
applied along [111], [110], or [112]J^ii^ The transverse 
moment reappears in lower fields and smoothly increases 
as the field decreases to H^ = 9.9 ± 0.2 kOc. At this 
field, corresponding to a small change in the slope of the 
M]\ (H) curve (sec Fig. ^ , a sharp step-like increase of 



the magnetization component normal to the cantilever 
plane is observed. On further decrease of the field the 
transverse magnetization decreases almost linearly with 
the field showing a weak kink below 3 kOe. 

On sweeping the field back up at the same temperature 
of 0.4 K, this kink is transformed into a more extended 
transition region which terminates with a sharp feature 
at about 6 kOe. Presumably this region, marked by a 
considerable hysteresis, is associated with the reduction 
of the system into a single magnetic domain state possess- 
ing the largest magnetization component perpendicular 
to the sample plane. As the magnetic field is increased 
further this component decreases sharply by about a fac- 
tor of 10 at a field H^ = 10.4 ± 0.1 kOe. The hysteresis 
effects at this critical field remained largely unchanged 
when the field sweep rate was reduced by a factor of 3, 
pointing to the first-order nature of the transition. This 
transition is almost temperature independent, while the 
kink at 5 kOe evolves rapidly with increasing tempera- 
ture. At a temperature of 0.55 K, M± is zero in low fields, 
then it appears in a step-like fashion, increases linearly 
with field up to 10 kOe and then decreases. At temper- 
atures above 0.6 K, M± remains zero in the entire field 
range below 10 kOe. 

The data presented above, which were collected for a 
magnetic field applied along the [100] direction, allow 
one to construct an H-T phase diagram which looks dis- 
tinctly different from those observed for other field ori- 
entations (see Fig. [5|) . We associate phase I in this di- 
agram with the zero-field structure identified in neutron 
diffraction experiments^ as a partially disordered multi- 
k structure. At low-temperature, e.g. T = 0.4 K, phase 
I is transformed by weak magnetic fields into phase I' 
in the way that resembles the reduction of a magnetic 
structure into a single domain state. This process is 
accompanied by a rapid step-like increase in the trans- 
verse component of the magnetization forbidden by the 
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FIG. 5: (Colour online) Magnetic phase diagram of Gd2Ti207 
for a field applied along the [100] axis. The phase transition 
points detected by measuring the field or temperature de- 
pendence of the longitudinal magnetization are marked with 
circles. The open and solid squares were obtained from the 
transverse magnetization measurements for decreasing and in- 
creasing magnetic fields respectively. The lines are guides to 
the eyes, colour/white areas on the diagram correspond to the 
phases with/without transverse magnetization. 



cubic symmetry of the m.agnetic structure in phase I. 
Observed for H \\ [100] only, this lower symmetry state 
in which the transverse magnetization grows linearly in 
field on the phase diagram is rather unstable. Heating 
from within phase I' to above 0.5-0.6 K restores the state 
I in which the transverse magnetic moment remains ex- 
actly zero for fields below 10 kOe. Phases I and I' are 
separated from phase II by a first-order transition which 
was not observed in this field range for any other field 
directions. The phase boundary is practically tempera- 
ture independent and according to our preliminary elec- 
tron spin resonance measurements^ is accompanied by 
an abrupt change of the gaps in the spin- wave spectrum. 
The transverse moment in phase II (see Fig. [5]) is ei- 



ther much smaller, but still nonzero in value, or it is 
rotated in the plane perpendicular to the applied mag- 
netic field. This phase extending to ~ 25-27 kOe, is 
also non-cubic in symmetry, and is likely to be equiv- 
alent to the low-field states observed in GTO for other 
field directions.— >i^ The field of 25-27 kOe is similar in 
value to the transition fields for other directions, but the 
situation for H \\ [100] is different in that the transition 
produces no impact on the excitation spectrum;^ and 
does not result in a significant change in the magnetic 
susceptibility. This transition from II to III is therefore 
second-order, unlike the transitions observed for other 
directions of applied field e.g. H \\ [111] J^iiS The high- 
field part of the phase diagram (phase III) as well as the 
higher-temperature phase Iht at Tn2 < T < T/vi are 
common for all field directions. 

In conclusion, the magnetic phase diagram of 
GdsTisOr for H \\ [100] is estabhshed from longitudi- 
nal and transverse magnetization measurements. At low 
temperatures and fields, it contains an additional phase 
with a lower than cubic symmetry, which separates a 
zero-field magnetic structure from higher-field-induced 
states. At higher temperatures this phase disappears and 
breaking of the cubic symmetry occurs via a first-order 
transition at a field of about 10 kOe. A direct identifi- 
cation of the magnetic phases as well as a clarification of 
the role of the magnetic field in their formation remains 
a challenge for neutron diffraction experiments. 
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